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Abstract v I n t h i s paper the noise control characterist i c s of synchrophasing are investigated using a s i m p l i f i e d model of an a i r c r a f t fuselage. The analysis presented here includes d i r e c t i v i t y effects o f the noise sources and solves i n closed form t h e coupled motion between the i n t e r i o r and e x t e r i o r acoustic f i e l d s and the s h e l l v i b r a t i o n a l response. The v a r i a t i o n i n sound pressure l e v e l a t various locations i n s i d e the s h e l l i s studied f o r various synchrophase angles as well as the s h e l l v i b r a t i o n a l response and input power flow i n order t o uncover t h e p r i n c i p a l mechanisms behind the transmission phenomena. I n the l a s t few years considerable i n t e r e s t has arisen over t h e use o f advanced turbo-propeller (ATP) engines i n powering passenger a i r c r a f t . This i n t e r e s t i s mainly due t o the p o s s i b i l i t y of up t o 25 percent saving i n fuel consumption over e x i s t i n g turbo-fan engines. However, associated w i t h the use o f ATP engines are high acoustic l e v e l s a t t h e p r o p e l l e r locations due t o supersonic t i p speeds. There i s concern t h a t due t o these high source inputs, t h e i n t e r i o r noise l e v e l s of ATP powered a i r c r a f t w i l l be i n excess of acceptable l i m i t s , p a r t i c u l a r l y f o r commercial applications. A compounding problem i s t h a t t h e fundamental harmonic o f the p r o p e l l e r noise i s t y p i c a l l y between 100 Hz t o 250 Hz and the lons wavelenaths a t these frequencies tend t o render absorptive techniques ineffective.
One method of noise control, synchrophasing, shows a great deal o f promise i n t h a t sound l e v e l s i n a t e s t a i r c r a f t were reduced bv UD t o 8 dB without the penalty of an increase i(take-off weight t h a t passive means of noise c o n t r o l incur. Synchrophasing, as a means o f noise control, involves s e t t i n g t h e r e l a t i v e r o t a t i o n a l phase of each prop e l l e r u n t i l the i n t e r i o r noise l e v e l s are a t a mininium. Although i t has been shown experimentally',' t h a t synchrophasing can be effective, there e x i s t s no a n a l y t i c a l model o f t h e method and consequently very l i t t l e physical understanding of t h e suppression mechanism. For instance, one of the conclusions of Ref. 1 i s t h a t synchrophasing provides a s i g n i f i c a n t reduction i n energy f l u x a t the fuselage e x t e r i o r r a t h e r than a r e d i s t r i b u t i o n o f energy i n t h e cabin of a Lockheed P-3C. This r e s u l t i s s u r p r i s i n g using t h e simple i n t e r f e r e n c e i n t e r p r e t a t i o n of previous workers.
The aim of t h i s paper i s t o i n v e s t i g a t e a n a l y t i c a l l y the c h a r a c t e r i s t i c s of synchrophasing. It i s shown t h a t by using a s i m p l i f i e d model of an a i r c r a f t , the p r i n c i p a l mechanisms behind the synchrophasing concept can be uncovered. For t h e analysis presented here, the a i r c r a f t fuselage i s approximated by an i n f i n i t e c y l i n d r i c a l s h e l l w i t h t y p i c a l material and properties. This model i s appropriate i n the l i g h t of measurements which show t h a t v i b r a t i o n l e v e l s on a t y p i c a l a i r c r a f t fuselage decay w i t h distance away from t h e p r o p e l l e r plane. The acoustic sources of each p r o p e l l e r ( i n t h i s case a twin-engine a i r c r a f t ) are modelled by dipoles located a t the source l o c a t i o n s o f t y p i c a l propeller-driven a i r c r a f t .
The advantage o f using d i p o l e sources i s t h a t t h e d i r e c t i o n a l i t y and strength of each source can be adjusted t o approximate actual pressure d i s t r i b u t i o n s a t the fuselage. 
t e r i o r f i e l d o f t h e s h e l l can then be obtained by w r i t i n g the s h e l l response i n spectral form w i t h f o r c i n g functions due t o the d i p o l e sources. These parameters are examined f o r various phase d i f f e rences between the dipole sources corresponding t o the synchrophasing concept. As 'well as t h i s , the r a d i a l i n t e n s i t y and the l i n e power flow i n t o the s h e l l i s evaluated a t the s h e l l wall.
The acoustic response of the i n t e r i o r and
Analysis
The c y l i n d r i c a l coordinate system and the geometry employed i n the analysis i s shown i n 
The pressure f i e l d a t t h e s h e l l w a l l , associated w i t h an e x t e r i o r monopole source has been previously derived by James4 and, w r i t t e n i n spectral form, i s The response o f the system, based on l i n e a ri t y , can then be considered as a superposition of t h e resoonse o f t h e svstem t o each monooole source.
The dipoles are constructed from
The conplete arrangement i s shown i n Thus the t o t a l i n t e r i ' b r acoustic pressuke f o r the system shown i n Fig v Results I n order t o evaluate t h e s h e l l response, t h e i n t e r i o r and e x t e r i o r acoustic f i e l d s , and r e l a t e d variables i t i s necessary t o evaluate i n t e g r a l s s i m i l a r t o those i n equation (14) . The integrands i n t h i s equation are transcendental functions w i t h poles and branch points e i t h e r on o r very close t o t h e real axis o f the complex knsa plane. The most convenient method o f s o l u t i o n i s t o numeric a l l y evaluate t h e inverse transform i n t e g r a l s along the real axis. To avoid the s i n g u l a r i t i e s located on t h e i n t e a r a l oath. damoina i s introduced both i n t o the shell-matehal'and t h e -f l u i d f i e l d . This has the e f f e c t o f s h i f t i n g t h e poles and branch points of the real axis. Structural dampinq . . factor. Small values o f loss f a c t o r were chosen ( t y p i c a l l y q s = 0.02 and q f = 0.001) and found t o have an i n s i g n i f i c a n t effect on the f i n a l r e s u l t , t h e i r presence e s s e n t i a l l y conditions the integrands f o r numerical evaluation. The i n t e g r a l was evaluated by using Simpson's r u l e on a CYBER computer located a t NASA Langley Research Center. The mesh size was chosen t o be f i n e ( t y p i c a l l y Aknsa = 0.001) i n order t o accurately evaluate t h e integrand function near the s i n g u l a r i t i e s . i n t e g r a l was also truncated a t a f i n i t e value of +knsa determined so as t o include a l l t h e poles and branch points and such t h a t the integrand cont r i b u t i o n a f t e r the truncation point i s small. This method o f evaluation of the s h e l l response i n t e g r a l i s s i m i l a r t o t h a t used by Y. N. Liu.'
The following r e s u l t s were calculated f o r a representative a i r c r a f t s i t u a t i o n s i m i l a r t o t h a t investigated by Mixson e t a1. 6 The s h e l l material was taken t o be aluminum w i t h a nondimensional wall thickness o f h/a = 0.001. The propagation medium was assumed t o be a i r . Material properties are given i n 
The sources a t each p r o p e l l e r l o c a t i o n were set as pure dipoles, thus located such t h a t e1 = e2 = 0 and e3 = e4 = li a t a nondimensional r a d i a l distance of Rl/a = R3/a = 3.0 and R2/a = R4/a = 3.1. The nondimensional freauencies investiaated were chosen $2 -41 = m3 -$ 4 = II and were -t o be R = 0.2 and '0.14 which, fo; example, corresponds t o frequencies of 219 Hz and 153 Hz i n a fuselage of diameter 150 cm. It i s i n t h i s range w i t h high l e v e l s i n the p r o p e l l e r plane where x/a = 0. This r e s u l t suggests t h a t t h e source d i r e c t i v i t y effects introduced by using dipoles provides a reasonable model of actual prop e l l e r sources. Changing the synchrophase angle has l i t t l e e f f e c t on the a x i a l pressure d i s t r i b ut i o n and t h i s r e s u l t implies t h a t the surface pressure f i e l d on each side of the s h e l l i s l a r g e l y unaffected by the source on the opposite o f the s h e l l . The e f f e c t i s most l i k e l y due t o the acoust i c shadowing of the s h e l l surface and the direct i o n a l nature of the source.
The corresponding i n t e r n a l pressure d i s t r i b ut i o n calculated a t r = a, e = 0 i s p l o t t e d i n Fig. 4 . can be seen t o cause a large change i n the calcul a t e d i n s e r t i o n loss. I n effect, when 4, = 180' the i n s e r t i o n loss of the s h e l l wall i s o v e r e s t imated due t o t h e i n c l u s i o n o f synchrophasing effects. Thus care must be taken when measuring i n s e r t i o n losses on actual a i r c r a f t t o a t l e a s t synchrophase the propellers. Figs. 5, 6, and 7 show the predicted amount o f reduction i n sound pressure l e v e l s a t various i n t e r i o r locations For d i f f e r i n g synchrophase angles between the d i p o l e sources. The r e s u l t s were derived using equation (14) and are presented so as t o be normalized t o the maximum sound pressure l e v e l obtained i n each Figure. chosen consistent w i t h previous r e s u l t s obtained i n practice. ' It i s also apparent t h a t as the observation p o i n t moves toward t h e s h e l l wall, t h a t the optimum synchrophase angle and the degree of attenuation changes. This behavior can be understood by considering the r a d i a l response o f the s h e l l wall.
Each d i p o l e source excites a series o f circumfere n t i a l modes i n the s h e l l which i n turn, couple, v i a t h e momentum boundary condition, t o t h e i n t e r i o r acoustic f i e l d . The acoustic pressure a t p o i n t s i n s i d e t h e s h e l l thus consists o f a varying ( w i t h c y l i n d r i c a l coordinate) superposition o f circumferential modes due t o the s p a t i a l v a r i a t i o n i n amolitude o f each mode. I f one considers the be due t o the acoustic modes having an a x i a l v a r ia t i o n i n phase (due t o d i f f e r i n g phase v e l o c i t i e s )
as well as a s p a t i a l v a r i a t i o n i n amplitude. This increases the number of parameters t o be optimized f o r sound reduction and consequently reduces the degree t o which the sound l e v e l s can be minimized. Hence, optimum synchrophase angle also varies w i t h frequency due t o the changing modal response ( o r input mode impedance) of the system w i t h frequency.
The r e s u l t s of Figs. 5 , 6, and 7 also show the r e l a t i v e r a d i a l v a r i a t i o n i n sound l e v e l i n each case f o r a constant synchrophase angle. It i s apparent t h a t the highest l e v e l s obtained i n a l l s i t u a t i o n s occur very close t o the s h e l l wall.
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c i t a t i o n o f t h e n = 2 mode which has a n u l l a t r / a = 0. S i m i l a r l y the results of Fig. 3 show t h a t t h e i n t e r n a l acoustic pressure a t r = a 'w f a l l s q u i c k l y with x/a. Thus application of synchrophasing nust also take i n t o account the r e l a t i v e amplitude v a r i a t i o n throughout the fuselage.
.+, w 0, due t o the preRadial I n t e n s i t y and Power Flow a t the Shell W a l l The r a d i a l i n t e n s i t y was calculated using t h e time averaged i n t e n s i t y equation, The r a d i a l i n t e n s i t y vectors calculated a t t h e s h e l l wall are presented i n When t h e synchrophase angle i s changed t o +s = 180' the associated i n t e n s i t y vectors change dramaticallv as shown i n Fia. 9. Now i t can be seen t h a t t i e acoustic ener& enters the s h e l l i n regions close t o e = ~1 4 , 3.14, % / 4 , and 7.14, The most i n t e r e s t i n g r e s u l t of Fig. 10 i s t h a t i t demonstrates t h a t most o f the acoustic energy ( f o r one d i r e c t i o n of propagation) enters the s h e l l i n a length equal t o one s h e l l diameter from the prop e l l e r plane. This l o c a l i z e d flow o f energy i s due t o the region of the s h e l l surface being i n the major lobe of the source r a d i a t i o n p a t t e r n where the f o r c i n g pressures are very high. It i s also s u r p r i s i n g t o see t h a t there i s a length o f s h e l l immediately a f t e r the i n -f l o w region where a s i gn i f i c a n t amount of energy flows out of the s h e l l .
per u n i t length of s h e l l ) i n t o t h e i n t e r i o r of t h e s h e l l can be obtained by i n t e g r a t i n g t h e r a d i a l i n t e n s i t y a t t h e s h e l l wall w i t h respect t o
No reason f o r t h i s behavior has been put forward so f a r but i t was thought t o be most l i k e l y due t o r a d i a t i o n from t h a t p a r t of the s h e l l v i b r a t i o n a l n e a r -f i e l d t h a t has long wavelengths.
t h e l i n e power flow i s w c h l e s s but s t i l l out o f the s h e l l . s h e l l i n a l o c a l i z e d area centered on the p r o p e l l e r plane and then propagates as duct modes t o locat i o n s away from the p r o p e l l e r plane. has a high impedance r e l a t i v e t o a i r these duct modes propagate w i t h only s l i g h t attenuation. However, a t l a r g e values of x l a the e x t e r i o r acoustic f i e l However, i n t h i s case the net l i n e power flow and the a v a i l a b l e reduction i n l i n e power i s f a r less than f o r n = 0.2.
A t l a r g e distances from the p r o p e l l e r plane
Thus the acoustic energy enters the
As the s h e l l SvnchroDhasinu has been shown t o theor e t i c a l l y provide s i g n i f i c a n t sound l e v e l and s h e l l v i b r a t i o n reduction.
2.
The optirmm synchrophase angle changes w i t h i n t e r i o r l o c a t i o n and frequency and may be d i f f e r e n t f o r suppression of the i n t e r i o r acoustic f i e l d than suppression of the s h e l l response o r acoustic power f l o w i n t o the s h e l l . the optimum synchrophase angle w i l l u l t i m a t e l y depend upon a choice of one of the above c r i t e r i a o r a compromise between a l l of them.
The maximum achievable amount of attenua t i o n o f the i n t e r i o r acoustic f i e l d changes w i t h l o c a t i o n and frequency; however, i t i s greatest i n the "propeller plane."
4.
Conclusions 1 t o 3 are very s i m i l a r t o r e s u l t s a c t u a l l y measured i n Lockheed P3-C1 and thus serve t o v a l i d a t e the model and i t s associated approximations presented i n t h i s paper. 
Acoustic energy enters and leaves t h e

Conclusions
An analysis has been presented by which the acoustic and s t r u c t u r a l response o f a s h e l l -f l u i d diameter e i t h e r side o f t h e p r o p e l l e r plane. substantial amount of energy was found t o flow out of the s h e l l i n a region located greater than one diameter from the p r o p e l l e r plane. possible t o enhance t h i s e f f e c t f o r i n t e r i o r sound control away from the p r o p e l l e r plane.
A
It may be 7. The s h e l l response i s fundamental t o t h e transmission mechanism due t o i t s circumferential standing wave response and associated coupling behavior w i t h the contained acoustic f i e l d . Thus, models f o r noise transmission i n t o a i r c r a f t fuselages based on f l a t o r f i n i t e curved plates are inadequate f o r low frequencies.
S i m i l a r l y , models based on random o r plane wave incidence o f sound i n which there a r e no Source d i r e c t i v i t y characteri s t i c s (i.e., s i m i l a r t o a r c h i t e c t u r a l acoustics) are very l i k e l y t o lead t o spurious r e s u l t s . W L 8
